The archaeal exosome, a protein complex responsible for phosphorolytic degradation and tailing of RNA, has an RNA-binding platform containing Rrp4, Csl4, and DnaG. Aiming to detect novel interaction partners of the exosome, we copurified Nop5, which is a part of an rRNA methylating ribonucleoprotein complex, with the exosome of Sulfolobus solfataricus grown to a late stationary phase. We demonstrated the capability of Nop5 to bind to the exosome with a homotrimeric Rrp4-cap and to increase the proportion of polyadenylated RNA in vitro, suggesting that Nop5 is a dual-function protein. Since tailing of RNA probably serves to enhance RNA degradation, association of Nop5 with the archaeal exosome in the stationary phase may enhance tailing and degradation of RNA as survival strategy.
The archaeal exosome, a protein complex responsible for phosphorolytic degradation and tailing of RNA, has an RNA-binding platform containing Rrp4, Csl4, and DnaG. Aiming to detect novel interaction partners of the exosome, we copurified Nop5, which is a part of an rRNA methylating ribonucleoprotein complex, with the exosome of Sulfolobus solfataricus grown to a late stationary phase. We demonstrated the capability of Nop5 to bind to the exosome with a homotrimeric Rrp4-cap and to increase the proportion of polyadenylated RNA in vitro, suggesting that Nop5 is a dual-function protein. Since tailing of RNA probably serves to enhance RNA degradation, association of Nop5 with the archaeal exosome in the stationary phase may enhance tailing and degradation of RNA as survival strategy.
Keywords: Archaea; exosome; Nop5; polyadenylation; Rrp4; Sulfolobus Ribonucleases (RNases) and ribonucleolytically active protein complexes are necessary for the processing and degradation of RNA in all living cells [1] [2] [3] . In most Archaea, exoribonucleolytic degradation of RNA in 3 0 -5 0 direction as well as 3 0 -polynucleotidylation (3 0 -tailing) is performed by a protein complex called the archaeal exosome [4] [5] [6] [7] . For fulfilling its various cellular functions, the core archaeal exosome probably has in vivo interaction partners that remain to be identified.
The nine-subunit core of the archaeal exosome is composed of the archaeal orthologs of the eukaryotic exosomal proteins Rrp41, Rrp42, Rrp4, and Csl4 [4, 5, 8] . It has a highly conserved structure with similarity to the bacterial polynucleotide phosphorylase (PNPase) and the catalytically inactive nine-subunit core of the essential eukaryotic exosome [7] [8] [9] [10] .
Phosphorolytic RNA degradation by the archaeal exosome results in the release of nucleoside 5 0 -diphosphates (NDPs) [11] . At high NDP concentration, the archaeal exosome performs the opposite reaction synthesizing A-rich RNA tails and releasing inorganic phosphate (P i ) [6, 12] . Both reactions are physiologically relevant, since only exosome-containing Archaea have post-transcriptionally synthesized A-rich tails [6] . In this respect, the archaeal exosome resembles bacterial PNPase, which in addition to being a 3 0 -5 0 exoribonuclease synthesizes A-rich, RNA-destabilizing tails [13, 14] .
The catalytic activity of the archaeal exosome resides in the subunit Rrp41, which forms a hexameric ring together with Rrp42 [7] . On the top of the ring, a heterotrimeric cap containing the RNA-binding proteins Rrp4 and Csl4 recruits RNA substrates. The 3 0 -end of a substrate is threaded through a neck in the central channel of the hexameric ring, ensuring that only single-stranded RNA reaches the active center near the bottom of the exosome [8, [15] [16] [17] . It was shown that this nine-subunit exosome strongly interacts with the archaeal DnaG [5, 11] , a protein annotated as a bacterial-type primase, which was shown to harbor an Archaea-specific RNAbinding domain [18] . Several other proteins were described as additional putative partners of the archaeal exosome: EF1-alpha, TIP49 [19] , a 16 kDa protein annotated as a hydrolase of nucleic acids [11] , the archaeal splicing endonuclease [20] , and an S1-domain containing RNA-binding protein [21] , but whether they directly bind to the exosome was not studied yet [reviewed in Ref. 22] . In addition, recently the archaeal Sm proteins SmAP1 and SmAP2 were shown to interact with DnaG in the exosome of Sulfolobus solfataricus [23] .
In vivo heterogeneous exosomal complexes with different stoichiometries of the Rrp4-Csl4-caps were detected, suggesting functional differences [19] . Using reconstituted exosomes with homotrimeric Rrp4-or Csl4-caps, the role of each RNA-binding protein in the exosome was studied separately in vitro [15, 17, [24] [25] [26] [27] . Such experiments revealed that in contrast to Csl4, Rrp4 confers poly(A) preference to the complex [26] . Furthermore, it was shown that Csl4 mediates the interaction of the archaeal exosome with DnaG, which also shows poly(A) preference and in addition seems to influence 3 0 -tailing and degradation of stable RNAs [18, 27] . While the Csl4-and DnaG-rich exosome from cell-free lysates cosediments with ribosomal subunits and membranes in high density fractions of sucrose density gradients (the insoluble exosome), the Rrp4-rich exosome sediments in fractions with lower density (the soluble exosome) [19, 28] . Overproduction of the Sm-like proteins increases the fraction of the soluble exosome and of RNA with A-rich tails in S. solfataricus [23] .
An Rrp4-specific protein interaction partner of the exosome was not described yet. Here, we show that archaeal Nop5, a subunit of the RNA methylation complex, can interact with the exosome and that Rrp4 is needed for this interaction. Furthermore, we show that Nop5 influences the tailing of RNA by the exosome in vitro.
Materials and methods
Microbial growth and viability determination S. solfataricus P2 was grown as previously described in a 10 L bioreactor [29] . Viability of S. solfataricus cultures was determined microscopically using LIVE/DEAD BacLight kit. Escherichia coli JM 109 and BL21 (DE3) strains were grown aerobically at 37°C (unless stated differently) in LB medium with appropriate antibiotics.
Bacterial two-hybrid assays
We used the Bacterial Adenylate Cyclase Two-Hybrid System Kit (Euromedex, Souffelweyersheim, France). The genes rrp4, nop5, and truncated variants of nop5 [C-terminal domain (CTD), CC domain, N-terminal domain (NTD)] were cloned using Gibson Assembly [30] in the vector system, either on the N-or C-terminus of T25 (pKTN25, pKT25) or T18 (pUT18, pUT18C) fragment of the adenylate cyclase. The oligonucleotides used for cloning are listed in Table S1 . Sequenced rrp4-containing plasmids were cotransformed with plasmids containing nop5 or its truncations into E. coli BTH 101 cells and grown as liquid cultures over night. Cells were spotted on LB-plates containing IPTG, X-Gal, ampicillin (200 lgÁmL À1 ) and kanamycin (25 lgÁmL
À1
) and incubated 16 h at 32°C prior to imaging. As a negative control, empty plasmids were cotransformed. The positive control plasmids with leucine zipper fusions were provided by the manufacturer.
Analysis of cell-free lysates
Cell-free lysates were obtained as previously described [11] and were fractionated by ultracentrifugation in 13-62% sucrose density gradients as published [19, 28] . The western blot analysis was also described previously [19, 28] . The CoIP with cellfree lysates was performed as follows. One hundred microliter beads with covalently coupled antibodies [11] were equilibrated with TMNG buffer (10 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol, 0.1% Nonidet P40, and 1 mM PMSF) and mixed with either 400 lL cell-free lysate or with 400 lL from a gradient fraction, to which additional 400 lL TMNG buffer was added. After tumbling at 4°C for 4 h, the beads with bound proteins were separated by 5 min centrifugation at 4°C and 5000 g. The beads were washed ten times with 500 lL TMNG buffer and lack of detectable proteins in the last wash fraction was verified by silver staining of 40 lL washing fractions separated in 12% PAA-SDS gels. Elution was performed five times with 50 lL 0.1 M glycine pH 1.8. Elution fractions were neutralized by adding of 1/10 volume TrisHCl pH 9.5. The fractions were analyzed by separation in 12% SDS-polyacrylamide (PAA) gels and silver staining. The DnaG and Nop5 proteins were identified by mass spectrometry by G. Lochnit (Institute of Biochemistry, Giessen, Germany) as described [31] .
Analysis of reconstituted exosomal complexes for interaction with Nop5
His-tagged S. solfataricus proteins (His-Rrp41, His-Rrp42, His-Rrp4, His-Csl4, and His-Nop5,) were overproduced in E. coli BL21 (DE3) separately and purified by Ni-NTA affinity chromatography under native conditions as previously described [32] . The His-tags were not cleaved. Imidazole was removed by dialysis overnight at room temperature. Reconstitution was performed as described [27] . Briefly, first the Rrp41-Rrp42-hexamer was reconstituted. Approximately 0.5 mg of each protein (corresponding to 6 nmol hexameric ring, 18 nmol Rrp4 monomer, 24 nmol Csl4 monomer and 11 nmol Nop5 monomer; in gel filtration, the purified recombinant Nop5 behaves as a tetramer; data not shown) was added in a final volume of 1.5 mL and dialyzed in P0-buffer containing 10 mM Tris, pH 7.5, 5 mM MgCl 2 , 0.5 mM EDTA, 200 mM NaCl, 5% glycerol, 0.0 5% Tween 20 and 0.2 mM DTT. After 2 h of incubation at room temperature, 0.7 mg of each cap protein was added and incubated for additional 2 h. Thereafter, the samples were heat-treated for 10 min at 75°C and centrifuged for 20 min at 13 000 g. The supernatant was used for CoIP with polyclonal Rrp41-specific antibodies covalently coupled to protein A-Sepharose beads [11] ; 0.04 g of beads was incubated for 2 h at 4°C with the supernatant. The beads were washed seven times with TMNG buffer, complexes were eluted three times by addition of 0.1 M glycine pH 1.8, and analyzed as described above.
Surface plasmon resonance experiments
Binding analyses were performed using the surface plasmon resonance (SPR) phenomenon on a Biacore T200 instrument (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). As a ligand, 50 lgÁmL . Multicycle experiments were evaluated and affinity constants K D were calculated using the BIA-CORE T200 EVALUATION Software Version 3.0 (GE Healthcare Bio-Sciences AB).
Reconstitution of the archaeal exosome for activity assays
For activity assays, first the hexameric Rrp41-Rrp42 ring was reconstituted after cleavage of the His-tag of the purified proteins as described [32] . Cleavage with TEV protease was performed for each protein separately during dialysis in a buffer containing 30 mM Tris pH 8 and 150 mM NaCl at room temperature overnight. The proteins were then mixed to reconstitute the hexamer at room temperature during dialysis in a buffer containing 10 mM Tris pH 7.6 and 150 mM NaCl for two hours. The solution was concentrated to 1.5 mL, heat-treated for 10 min at 75°C and centrifuged for 20 min at 13 000 g. The supernatant was loaded on a HiLoad Superdex 16/60 200 gel-filtration system to purify the hexamer by size exclusion. Aliquots were stored in À80°C and thawed only once. Thawed hexamer was incubated with equimolar amount of His-tagged Rrp4, and/or Nop5 at room temperature to reconstitute complexes with RNA-binding caps.
Preparation of RNA substrates 5 0 -labeled poly(A) 30 was generated as previously described [11] . About 121 nt of the nuoH gene of S. solfataricus [6] was amplified by PCR using primers NADH-T7-fwd 5 0 -gtaatac- P] UTP was used as described [11, 33] . Nonincorporated nucleosides were removed with RNase-free MicroSpin G-25 or G50 columns (GE Healthcare Bio-Sciences AB).
RNA degradation and polyadenylation assays
RNA degradation and polyadenylation assays were performed at 60°C in a reaction buffer containing 20 mM HEPES (pH 7.9), 60 mM KCl, 8 mM MgCl 2 , 0.1 mM EDTA, 0.02 mgÁml À1 BSA, 2 mM DTT and either 10 mM K 2 HPO 4 (degradation assays) or 10 mM ADP (polyadenylation assays). For each 10 lL reaction mixture, 0.3 pmol protein complex and 1000 c.p.m. radioactively labeled substrate were used. Nonlabeled substrate was used to adjust the final substrate concentration in order to ensure at least 20-fold excess of the substrate over the enzyme complex. The samples were analyzed in denaturing urea-PAA gels and visualized by phosphoimaging. The signals were quantified by Quantity One (BioRad, Munich, Germany). To calculate the % of remaining substrate, first the radioactivity in each lane was set to 100% and the % radioactivity in the substrate band was determined. Then, the substrate amount at time point 0 was set to 100%, and its decay in time was calculated.
Results

Nop5 coimmunoprecipitates with the archaeal exosome
To analyze the exosome at different growth phases, cell-free lysate was generated from S. solfataricus grown to the late exponential and late stationary growth phase (Fig. 1A) . The lysates were fractionated in 13-62% sucrose density gradients and the distribution of the exosomal subunits Rrp41 and DnaG in the individual fractions was analyzed by western blotting. Figure 1B shows that while the majority of the exosome in the exponential growth phase was in the heavy fractions 13-17 (insoluble exosome), in the stationary phase at least one-third of the Rrp41 signal was in fractions 7-9 (soluble exosome). Cells harvested at time points E and S were used for preparation of cell-free lysates, which were fractionated in 13-62% sucrose density gradients. Gradient fractions (numbered below the panels) were separated on 12% PAA-SDS gels and analyzed western blotting with DnaG-directed and Rrp41-directed polyclonal sera. Both sera were used simultaneously; their specificity was described previously [11, 19] . Detected proteins are marked on the right side of the panels. (C) Silver stained 12% PAA-SDS gel showing elution fractions of CoIPs from the cell-free extract and pooled sucrose density gradient fractions (indicated above the panel). Five elution steps were performed. Although the exosome is most abundant in fractions 14-16 (see B), it was not efficiently immunoprecipitated from these fractions, and was eluted faster: therefore only two elution fractions are shown in this case (lanes 12 and 13). (D) Silver stained 12% PAA-SDS gel showing the results from two CoIPs performed in parallel, the one with and the other without RNase treatment of the beads after the fifth washing step. The RNase treatment was performed for 1 h at room temperature with 1.5 lg lL À1 RNase A. The relevant washing fractions w1, w5, w6, and tha last washing fraction w10 of both CoIPs are shown in lanes 2-9; the two elution fractions are shown in lanes 10 and 11. Detected proteins are marked on the right side of the panels; marker (M) migration is indicated on the left (in kDa).
Subsequently, we analyzed the composition of the soluble and insoluble exosome in the stationary phase. Fractions 7-9 were pooled and subjected to coimmunoprecipitation (CoIP) with Rrp41-directed antibodies. Similarly, CoIP was performed with the pooled fractions 14-16 and with unfractionated cell-free lysate. The elution fractions from this experiment are shown in Fig. 1C . With all three inputs, the exosomal subunits Rrp42, Rrp41, Rrp4, and Csl4 were coimmunoprecipitated. DnaG was coimmunoprecipitated from the cellfree lysate (lanes 2-6 in Fig. 1C ) and from the density gradient fractions 14-16 (lanes 12 and 13 in Fig. 1C ).
Interestingly, a band running slightly higher than DnaG was detected in the eluates from density gradient fractions 7-9 (lanes 7-11 in Fig. 1C ). The protein bands above the asterisks in lanes 11 and 12 were identified by mass spectrometry as archaeal Nop5 (gi|15897820, 50.2% coverage, P < 0.05) and archaeal DnaG, respectively. Additionally, Cdc48 was coimmunoprecipitated from gradient fractions only and not directly from the lysate, in agreement with previous data [11] .
To exclude that the copurification of the archaeal Nop5 with the exosome was mediated by RNA, we performed the CoIP from fractions 7 to 9 again and applied RNase A after five washing steps. After five additional washing steps (see lanes 2-5 in Fig. 1D ), the exosome was eluted together with Nop5 (lane 11 in Fig. 1D ), suggesting that Nop5 interacts with this protein complex.
Nop5 interacts with the Rrp4-exosome
To verify the interaction between Nop5 and the archaeal exosome and to identify the exosomal subunit (s) involved in this interaction, we first reconstituted different exosomal complexes in vitro: Rrp41-Rrp42-hexamer and 9-subunit exosomes with homotrimeric Rrp4 or Csl4 caps named the 'Rrp4-exosome' and the 'Csl4-exosome', respectively. Then, we incubated each complex with purified recombinant Nop5 and performed CoIP with Rrp41-directed antibodies. The protein fractions were analyzed by SDS/PAGE and silver staining. We found that Nop5 does not interact with the Rrp41-specific antibodies but can be coimmunoprecipitated with the Rrp4-exosome ( Fig. 2A) . Since Nop5 did not coimmunoprecipitate with the Csl4-exosome or the Rrp41-Rrp42 hexamer (Fig. 2B ), we conclude that Rrp4 is needed for the interaction of Nop5 with the S. solfataricus exosome.
Analysis of the interaction between Nop5 and Rrp4
To address an interaction between Nop5 and Rrp4, we decided to use a bacterial adenylate cyclase two-hybrid system in E. coli (BACTH). To this end, the Nop5 NTD, the central coiled-coil domain (CC) and the CTD were cloned separately in addition to the fulllength Nop5, and were used in the BACTH with fulllength Rrp4. Figure 3 shows that a positive result was obtained for interaction of the CC of Nop5 with Rrp4. The data also suggested a weak interaction between Rrp4 and the CTD of Nop5. However, no interaction was detected between the NTD of Nop5 and Rrp4, and between the full-length proteins. Binding of Rrp4 to full-length Nop5 was also analyzed by SPR. This analysis revealed an affinity constant (K D ) of 7.2*10 À7 M (Fig. S1) . Altogether, these results are in line with an interaction between Nop5 and Rrp4.
Nop5 influences the polyadenylation of RNA by the Rrp4-exosome
Next, we analyzed whether Nop5 influences the activity of the exosome in vitro. We performed degradation and polyadenylation assays (in the presence of P i and ADP, respectively) with radioactively labeled RNA substrates using the Rrp4-exosome with and without Nop5. The assays were performed at 60°C, conditions leading to inactivation of any mesophilic contaminating RNase [12] . After separation in denaturing PAA gels, percentage of remaining substrate during incubation with the exosome was calculated. Using a 5 0 -labeled 30-meric poly(A)-RNA, we observed a small difference in degradation with and without Nop5, which was however not significant (Fig. 4A,B) , while in the presence of Nop5 more substrate was polyadenylated (Fig. 4C,D) . We verified that the used Nop5 protein fraction has no polyadenylation activity (Fig. 4E) .
We also used a heteropolymeric, internally labeled in vitro transcript corresponding to 121 nt of nuoH mRNA of S. solfataricus. The 3 0 -end of this transcript corresponds to a position at which previously polynucleotidylation by the exosome was detected in vivo ( [6] . This substrate was also degraded similarly by the Rrp4-exosome with and without Nop5 (Fig. 5A,B) . Importantly, also in this case the fraction of polyadenylated substrate was increased in the presence of Nop5 (Fig. 5C,D) .
Discussion
We coimmunoprecipitated Nop5, which is a part of the well-known ribonucleoprotein complex catalyzing the 2 0 -O-methylation of rRNA [34, 35] , with the RNA exosome of S. solfataricus grown to a late stationary phase. Although we were not able to identify the reason(s) why Nop5 was coimmunoprecipitated with the exosome from density gradient fractions only and not from the cell-free lysate (Fig. 1C) , we found the observed association of Nop5 with the exosome intriguing. The subsequent experiments we present in this study demonstrate that Nop5 has the capability to interact with the archaeal RNA exosome.
Since in previous experiments with S. solfataricus lysates that were fractionated in density gradients, we did not coimmunoprecipitate Nop5 [11, 19] , noteworthy interaction between Nop5 and the exosome probably takes place under the conditions applied in this work, in the late stationary phase. We note that in contrast to the CoIPs from the S. solfataricus lysate and from fractions 7 to 9 containing the soluble exosome, the CoIP from fractions 14 to 16 was inefficient, and no additional proteins were copurified from these fractions (Fig. 1C) . These observations suggest that most probably the insoluble exosome in fractions 14-16 contains exosome aggregates. The viability of the cells did not decrease in the course of the experiment (Fig. 1A) , suggesting that the binding of Nop5 to the exosome in the stationary phase was not an artifact. The CoIP experiments with reconstituted protein complexes supported this suggestion and revealed that the RNA-binding protein Rrp4 is necessary for interaction of the exosome with Nop5 (Fig. 2) . This finding is supported by the interaction studies in the heterologous host E. coli (Fig. 3) . The BACTH assays suggested binding of Rrp4 to the CC domain of Nop5, and a possible binding to the CTD of Nop5. The failure to detect interaction of the fulllength protein Nop5 (FL) with Rrp4 could be explained by the assumption that in this case the two adenylate cyclase domains (see Materials and methods) were sterically too far away from each other. Indeed, interaction between purified Rrp4 and full-length Nop5 was supported by the SPR analysis (Fig. S1 ). However, we were not able to demonstrate the binding between these two recombinant proteins by CoIP or pull-down assays (not shown), suggesting additional interactions between Nop5 and the hexameric ring in the Rrp4-exosome. Similarly, in a previous work DnaG was found to interact with the Csl4-exosome, but not with Csl4 alone [27] . Archaeal Nop5 was originally described as a subunit of the box C/D snoRNPs which methylate rRNA as a prerequisite for proper rRNA folding and ribosomal function [34] [35] [36] . Interaction partners of the archaeal Nop5 in the snoRNP are the proteins fibrillarin and L7Ae, and a box C/D sRNA [35, 37] . In this methylating complex, Nop5 acts as a scaffold protein that efficiently links the proteins and sRNA together [38] . Specifically, the NTD of Nop5 interacts with the methyltransferase fibrillarin, the CC domain of Nop5 is responsible for self-dimerization, and the CTD binds together with the protein L7Ae the box C/D sRNA [38, 39] . L7Ae is an example of a dual-function protein, because besides being a ribosomal protein it is also a part of the snoRNP. Our data suggest that Nop5 also plays a dual role in RNA metabolism as a subunit of the snoRNP and as an interaction partner of the exosome.
Binding of Nop5 to the exosome probably increases and/or modulates the capacity of the protein complex to interact with RNA substrates, since via its CTD Nop5 potentially offers an additional RNA-binding site in the heteromeric RNA-binding platform. Furthermore, as exosomal subunit Nop5 may also recruit additional proteins (e.g., fibrillarin may also interact with the NTD of Nop5 in the context of the exosome). Indeed, both Nop5 and fibrillarin were recently detected together with the exosome among the potential interaction partners of the archaeal Sm proteins SmAP1 and SmAP2 [23] . It was shown that the Sm proteins interact with DnaG in the exosome, and that their overproduction increases the level of the soluble exosome in fractionation experiments as well as the RNA polyadenylation level in S. solfataricus [23] . Based on our in vitro activity assays, it is tempting to speculate that Nop5 is involved in increased RNA tailing by the exosome under certain conditions. Since tailing of RNA most probably serves to enhance RNA degradation, association of Nop5 with the exosome in the stationary phase may enhance tailing and degradation of RNA as survival strategy. 
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